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ABSTRACT
The cold dark matter paradigm has been extremely successful for explaining a wide
range of cosmological phenomena. Nevertheless, since evidence for non-baryonic dark
matter remains indirect, all reasonable alternatives should be explored. One proposed
idea, involving a fundamental acceleration scale a0' 1–2× 10
−10ms−2, is called MOdi-
fied Newtonian Dynamics or MOND. MOND was suggested to explain the flat rotation
curves of galaxies without the need for dark matter. Whether or not it can adequately
fit the available data has been debated for almost 20 years (and we summarise many of
these studies), but only recently have there been studies attempting to extend MOND
to larger scale regimes. We discuss how the basic properties of MOND make it at best
ambiguous to apply these ideas to cosmological scales. We emphasize the difficulties in-
herent in developing a full theory in which to embed the main MOND concepts. Without
such a theory there is no obviously consistent way to discuss the early Universe and the
growth of perturbations. Recent claims that MONDian cosmology works very well are
therefore not supportable. We also provide an argument for why a0∼ cH0 naturally, a
coincidence which is often suggested as a motivation for taking MOND seriously. We
discuss other alternative theories of gravity concluding, as others have, that no met-
ric theory extensions appear workable for explaining rotation curves as well as other
observed phenomena. The whole premise of many of these attempts is fatally flawed
– galaxies are not pre-selected, discrete, isolated regions which formed monolithically
and around which one can construct an axially-symmetric dynamical model in order to
remove the need for dark matter. In the modern view, galaxies are part of a dynamic
continuum of objects which collectively make up the evolving large-scale structure of
the universe.
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1 INTRODUCTION
A model based on the growth of small fluctuations through
gravitational instability in a universe with cold dark matter
(CDM) provides an excellent fit to a wide range of observa-
tions on large scales, 1Mpc (see e.g. Liddle & Lyth 1993,
Peacock 1998). However, the nature and properties of the
CDM, apart from its being cold and dark, remain mysteri-
ous. Since there is no direct detection of this form of mat-
ter, one should be cautious about accepting the idea of dark
matter casually, and remain open minded to other possi-
bilities. Recently in fact a great deal of attention has been
focused on some apparent failings of the CDM model on
scales of galaxies (e.g. Hogan & Dalcanton 2000, Sellwood
& Kosowsky 2000, Firmani et al. 2001). This examination of
details of the CDM model has led to a resurgence of interest
in other concepts for modelling the dynamics of galaxies.
Ideas which have been proposed to remedy these perceived
problems include self-interacting dark matter, warm dark
matter, fine-tuned initial conditions, and modifications to
gravity. Obviously there are less exotic remedies as well, for
example those depending on baryonic processes, such as gas
physics, cooling and feedback mechanisms. Baryonic contri-
butions to dynamics are in many cases expected to be non-
negligible but are as of yet notoriously difficult to calculate
reliably.
The focus here will be specific proposals to modify grav-
ity, which has been the subject of much attention of late. It
has been suggested that the model for the fundamental laws
of physics could be changed to accommodate astrophysi-
cal observations of galaxy dynamics without the need to
invoke dark matter. The best known such example is Mil-
grom’s theory of Modified Newtonian Dynamics (MOND;
Milgrom 1983a, 1994). The body of literature on MOND
ranges from bold claims of success in every tested arena
(Milgrom 1999) to discussions and identification of many of
its failures (e.g. van den Bosch & Dalcanton 2000a). While
it is clearly prudent to investigate all the alternatives to the
dark matter hypothesis, particularly since no specific candi-
date particle has been detected (except perhaps a close to
negligible neutrino contribution), we conclude in this paper
that MOND does not appear to be promising.
Much of the focus of MOND has been on the study of
galaxy dynamics and structure. We shall briefly review this
work and its criticisms below. Recently, however, there has
been a push to extend MOND to the cosmological realm
(e.g. McGaugh 1999, 2000, Sanders 1998, 2000), and it is
this aspect of MOND which is our main concern. One claim
is that the low amplitude of the second acoustic peak in the
CMB anisotropy data is a ‘prediction’ of MOND. In fact as
we will discuss, this calculation is simply for a high baryon
density model dominated by a cosmological constant, which
also fails for other reasons. But in fact there is no obvi-
ously consistent way to carry out such calculations in a truly
MONDian picture. We find several difficulties with MOND-
ian cosmology that appear to be insurmountable. Avoid-
ing all of these difficulties makes the MOND picture ap-
pear more and more ‘epicyclic’. The existence of some form
of non-luminous matter within the context of conventional
physics seems, to us, considerably simpler.
We start by listing many of the motivations for dark
matter in the standard model, We then enter into a discus-
sion of the failings of baryons-only predictions for one of the
main pieces of cosmological data, namely Cosmic Microwave
Background (CMB) anisotropies. This is relevant, since the
predictions for MOND and standard cosmology might co-
incide for this calculation (McGaugh 2000). We briefly de-
scribe MOND and then delineate its conceptual and empir-
ical difficulties, including a review of the numerous issues
previously discussed by other authors. We continue with a
discussion on structure formation in these models. We then
mention other alternatives which share some of the features
of MOND, as well as some additional future tests which will
soon be possible.
2 DARK MATTER IN THE STANDARD
MODEL
2.1 Evidence for Dark Matter
Let us begin by reviewing the main evidence for large
amounts of matter in the Universe which are not associated
with the luminous components. There are several observa-
tions which are usually interpreted as providing evidence for
(cold) dark matter, including:
• the rotation curves of galaxies compared with their light
distributions;
• the gas content of clusters compared with velocity, x-ray
or lensing mass estimates;
• the normalization of galaxy clustering compared with
microwave anisotropies;
• the shape of the large-scale galaxy correlations;
• the lack of strong Silk damping and existence of small-
scale structure (e.g. Ly-α forest);
• cosmic flows and redshift space distortions;
• and the amplitude of weak lensing by large scale struc-
ture.
Recent reviews of several of these topics are provided by
e.g. Dekel, Burstein & White (1997), Bosma (1998), Turner
(1999), Peacock (2000) and Primack (2000).
This list is not exhaustive. Let us give another, more
recent example, coming from CMB experiments probing the
damping tail (the Cosmic Background Imager experiment in
particular) which provide a further independent constraint
on ΩCDM and ΩB (see White 2001 for more extensive discus-
sion). Here ΩCDM and ΩB are the density parameters in cold
dark matter and baryons, respectively, and ΩM is the sum of
the two. The ratio of the damping scale and the spacing be-
tween the acoustic peaks, `D/`A, depends only on ΩMh
2 and
ΩBh
2. It is independent of the distance to last scattering,
i.e. the geometry of the Universe and any late time effects
such as a cosmological constant or quintessence. The sense
of the Ω dependence is that, at fixed ΩBh
2, the lower the
matter density the smaller is `D/`A. Phrased another way,
if we require a peak at `∼ 200 then the amount of power
at `∼ 103 decreases exponentially as we lower ΩMh
2. Thus
lower limits on C` for ` ∼ 10
3 can provide strong lower limits
on the physical matter density of material in the Universe
in an almost model independent way.
MOND represents an attempt to explain the first item
in the above list without the need for dark matter, and there
are claims that some of the other items can also be accom-
modated (see, e.g., Milgrom 1999). There is clearly a differ-
ence of opinion here among researchers about how to apply
Occam’s razor to the dark matter question. Some authors
appear to regard as anathema the idea that some matter
might not be very luminous. We suggest that it might in-
deed be reasonable to consider radical changes to well-known
physics if rotation curves were the sole piece of evidence in
favour of dark matter. But this is far from being the case.
A baryons-only universe actually has difficulties on several
fronts, as we now discuss.
2.2 A baryonic universe?
The models discussed by McGaugh (2000) and Sanders
(2000) have relatively high ΩB, and only baryonic dark mat-
ter, apart from a large contribution from ΩΛ, to make the
Universe flat or somewhat closed. These authors then appeal
to possible physics within a MONDian cosmology to fix up
some of the immediate problems.
Before discussing the MOND proposition itself, we will
mention two consequences of having no CDM in the usual
paradigm. These two particular consequences depend only
on the cosmological parameters used in the MOND cosmol-
ogy and not on MONDian dynamics per se; as they are more
general, we mention them before tackling MOND more ex-
plicitly below.
In order to fit recent CMB data (see e.g. Pierpaoli,
Scott & White 2000, de Bernardis et al. 2000, Hanany et
al. 2000), a model with no CDM has to have a baryon frac-
tion which is at least mildly challenging for nucleosynthesis
